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Abstract Ethanol produced from lignocellulosic feedstock is a
promising alternative to fossil fuels and corn-sourced ethanol.
However, it creates unique challenges in terms of requirements
for breakdown to fermentable sugars, including the need for
pretreatment and enzymatic hydrolysis of structural carbohy-
drates. Hydrolases from microorganisms are currently utilized
for biomass hydrolysis in the production of lignocellulosic eth-
anol; however, expressing these hydrolases in lignocellulosic
feedstock is a favorable alternative, due to the large availability
of biomass and the potential for the feedstock to play a dual role
as both biomass substrate and enzyme provider. This review
summarizes recent achievements in hydrolytic enzyme expres-
sion in a variety of model plants and potential feedstocks, in-
cluding strategies to improve enzyme yield and to prevent del-
eterious effects on plants hosts. We propose possible scenarios
for utilizing enzyme-expressing transgenic feedstock and illus-
trate the potential benefits of using these crops for ethanol pro-
duction. Furthermore, challenges are highlighted and potential
solutions proposed tomove the field forward to cost-comparable
lignocellulosic ethanol.
Keywords Biofuel . In planta expression . Enzymatic
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Introduction
Growing energy consumption and declining fossil fuel supply
are critical energy issues facing the global population. Fossil
fuel combustion unavoidably produces greenhouse gases such
as CO2 and methane ultimately affecting the global climate
[1]; uneven distribution of energy supplies among countries
and huge global energy demands lead to energy security prob-
lems [2]. Environmental and national security concerns, as
well as a clear limitation in resources, drive the need for
prompt development of sustainable alternative energy
resources.
One such alternative resource, in the form of plant-derived
liquid fuel, has been gaining increasing consideration from
government, industry, and academia [3]. Biofuels produced
from the fermentation of plant-derived sugars provide a re-
newable source for fossil fuel supplementation [4]. Sources
of fermentable sugars from plants are classified into two cat-
egories. First generation biofuels are derived primarily from
food crops such as corn and sugarcane. Large-scale use of the
starch and sugar from these crops for energy production con-
tributes to a perceived conflict with food production. Second
generation biofuels are produced from nonfood lignocellulos-
ic biomass, from sources including dedicated bioenergy crops
and agricultural residues. Theoretically, lignocellulosic
biofuels have advantages over first generation biofuels in that
they avoid the use of a food crop and source a much larger
spectrum of biomass [5]. However, challenges remain in the
large-scale production of second generation biofuels, mainly
due to the recalcitrance of the plant cell wall. There are no
cost-effective technologies currently available to breakdown
complex cell wall structures to release fermentable sugars [5].
Globally, among six companies that are currently producing
cellulosic ethanol, Raizen, a Brazil based company utilizing
sugarcane bagasse, has the lowest projected minimum ethanol
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selling price at $2.17/gal (Lux Research; http://www.
luxresearchinc.com/). This is significantly higher than the
price of corn ethanol at $1.5/gal in 2015 (United States
Department of Agriculture Economic Research Service;
http://www.ers.usda.gov/).
Despite a goal of 21 billion gallons of biofuels from non-
cornstarch sources by 2022 [6], only 142 million gallons of
cellulosic biofuel was produced in 2015 in the USA (2015
Renewable Fuel Standard data from United States
Environmental Protection Agency; www.epa.gov). This
falls far below the anticipated industry growth rate that is
required to achieve the mandated target. Indeed, even
globally, the challenge of meeting renewable fuel goals is
so far unattainable, and it is questionable whether these
goals will achieve the attempt to limit climate change to
less than 2 °C [7].
Despite abundant biomass availability, there are a number
of economic challenges associated with lignocellulosic fuel
production. These challenges arise as a result of the complex-
ity of lignocellulose. There are three major components in
lignocellulosic biomass: cellulose, hemicellulose, and lignin
[8]. Cellulose is a homo-polysaccharide consisting of glucose
linked by β-1,4-glycosidic bonds. The linear cellulose chains
form a crystalline microfibril structure through internal and
external hydrogen bonds. Hemicelluloses are complex hetero-
geneous polysaccharides composed of various types of mono-
mer sugars including glucose, xylose, mannose, arabinose,
galactose, and glucuronic acid. There are a variety of hemicel-
luloses dependent on plant species and tissue type [9]. In some
hemicellulose structures, the side residues are methylated or
acetylated. The third major component in lignocellulose, lig-
nin, is composed of three aromatic monomers—guaiacyl
monomers (G-lignin), syringyl monomers (S-lignin), and p-
hydroxyphenyl monomers (H-lignin). The cellulose microfi-
brils are embedded in a matrix of lignin and hemicellulose,
which blocks the access of enzymes to cellulose [10].Many of
the challenges associated with the breakdown of the cell wall
for biofuels production are directly attributable to the com-
plexity of the wall structure.
One of the significant costs associated with the breakdown
and utilization of lignocellulosic biomass is that of the en-
zymes required for the hydrolysis of cellulose to fermentable
glucose [11, 12]. Three classes of cellulases work synergisti-
cally to breakdown cellulose into glucose. Endo-1,4-β-
glucanases (EC 3.2.1.4) hydrolyze internal β-1,4-glycosidic
bonds randomly and cleave long cellulose chain into small
fragments; exo-1,4-β-glucanases (EC 3.2.1.91) release cello-
biose units from the chain ends; β-glucosidase (EC. 3.2.1.21)
hydrolyzes cellobiose and cello-oligosaccharides to release
glucose monomers [13]. In addition, xylanases and other ac-
cessory enzymes such as acetyl xylan esterase and ferulic
esterase hydrolyze xylan, which in many species is the most
abundant hemicellulose component [14]. These accessory
enzymes significantly enhance the performance of cellulases
and improve enzymatic hydrolysis [15–17]. Currently, cell
wall hydrolytic enzymes are produced for commercial pur-
poses in microorganisms, including bacteria such as Bacillus
subtilis [18] and fungal systems such as Trichoderma reesei
[19]. Commercial enzymes produced using these systems con-
tinue to be too expensive for commercial lignocellulosic eth-
anol production to become cost-competitive with fossil fuels
[20, 21]; cellulase costs were identified as a key driver in
keeping ethanol prices below the minimum profit point and
alternative cellulase production is suggested as a solution [20].
Strategies to overcome this barrier during biomass production
are essential for increasing biofuel yields and reducing pro-
duction cost.
While extensive research is focused on enhancing these
microbe-produced enzymes and their production systems
[19, 21, 22], an alternative platform has been identified: the
production of cell wall-degrading enzymes in planta [23].
Expression of recombinant proteins in plants holds numerous
advantages over microbe-expression systems including pro-
duction scale-up and compatible eukaryotic post-
translational modification [24, 25]. Microbial enzyme produc-
tion requires large capital investment and constant production-
monitoring [26]. In addition, hydrolytic enzymes produced
from microbe expression platforms often exhibit low activity
due to differing post-translational processes from that of the
original organism [27]. Even the use of eukaryotic fungal
hosts can be problematic for production of correctly glycosyl-
ated enzymes whose function and activity is highly dependent
on post-translation modification. For example, overexpression
of Trichoderma reesei cellobiohydrolase Cel7A in Aspergillus
niger resulted in an over-glycosylated version of the protein
with a resultant low enzymatic activity toward known sub-
strates [28]. However, Cel7A was successfully expressed in
maize and shown to retain its activity [29].
Several studies have been carried out that support the de-
velopment of plant-based enzyme production. These include
studies showing expression levels up to 26 % total soluble
protein (TSP) in Arabidopsis and 50 % TSP in tobacco leaves
[29–37]. Although there is potential for high-level enzyme
production in these plant systems, the expression of cell
wall-degrading enzymes in the biomass of the lignocellulosic
feedstocks themselves has added advantages [38]. Production
of enzymes in the biomass feedstock would allow one crop to
serve as both an enzyme provider and a biomass substrate for
enzymatic saccharification.
Several plant species have been identified as potential com-
mercial lignocellulosic bioenergy crops. These crops have
common advantageous traits including producing large
amounts of biomass in a short time period, having established
maintenance and management systems, and playing a limited
role as food [39]. For instance, seeds of traditional cereal crops
can be used for food, while the remaining biomass can be
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utilized for ethanol production [40]. Currently, many agricul-
tural crops such as corn and rice produce vast amounts of
lignocellulosic material that is mainly disposed of by burning
or left on the field after harvest [41]. While some material,
such as sugarcane bagasse post-sugar extraction, is used to
produce electricity [42], there is evidence that the further uti-
lization of these agricultural residues to produce ethanol or
other liquid transport fuels would add tremendous value to
modern agricultural production [43]. In addition, dedicated
feedstocks exist that could be grown as crops for the purpose
of biofuels production. Tree species, such as poplar and wil-
low, could be planted as biomass crops on marginal land.
These trees share characteristics, such as fast growth rate, easy
propagation, and high biomass production in a short time, that
make them suitable as bioenergy crops [44, 45]. Perennial
grasses such as switchgrass, reed canary grass, Napier grass,
and Bermuda grass have low fertilizer requirements and
established management systems, making them suitable for
the production of biomass for biofuels [46].
Expressing cell wall-degrading enzymes in the biofuels
feedstock itself has promising potential for reducing the cost
of lignocellulosic ethanol production (Fig. 1). Here, we de-
scribe three scenarios for plants producing high levels of cel-
lulolytic enzymes. The Bbasic scenario^ is to directly utilize
transgenic feedstocks as enzyme providers. Enzymes extract-
ed from transgenic plants will be added to reactors for cellu-
lose hydrolysis. Plant expressed glycosyl hydrolases will
complement exogenous cellulases and hemicellulases.
An improvement over this is the Badvanced scenario,^ in
which hyperthermophilic glycosyl hydrolases are expressed in
the biofuel crop itself. Hyperthermophilic enzymes will be
activated at high temperature, during pretreatment, allowing
enzymatic saccharification and pretreatment to be conducted
in the same reactor [38]. In both scenarios (basic and ad-
vanced), reduced amounts of microbe produced exogenous
cellulases and hemicellulases will be required to release equiv-
alent amounts of fermentable sugars. The expression levels
and diversity of glycosyl hydrolases produced in plantawould
determine the amount of exogenous enzyme loading required.
The final scenario, or the Bideal scenario,^ would see ex-
ogenous enzymes completely replaced with feedstock-derived
enzymes, requiring the enzymes be produced in planta at a
high enough level and with the variety of enzymes required
for complete hydrolysis. The ideal scenario would allow for
pretreatment, saccharification, and fermentation in a single
reactor, requiring both thermophilic enzymes and thermophil-
ic fermentation microorganisms. This scenario will also re-
quire work to resolve technical issues such as removal of
inhibitory compounds and utilization of non-fermented
chemicals. In addition, it will require field validation of high
level expression of glycosyl hydrolases in biofuel crops.
Expression of Glycosyl Hydrolases in Plants
The expression of enzymes in plants has improved significant-
ly during the last two decades, both in terms of expression
levels and activity. Early on, Ziegler et al. [37] produced an
Arabidopsis line with 26 % of the TSP being attributed to the
overexpression of catalytic domains of an Acidothermus
cellulolyticus endoglucanase targeted to the apoplast, but there
have been few studies that have been able to replicate such
Fig. 1 Three scenarios for utilizing feedstock expressing glycosyl
hydrolases. In the Bbasic scenario,^ proteins are extracted from
transgenic feedstock and added to enzymatic saccharification. In the
Badvanced scenario,^ hyperthermophilic enzymes are produced in
bioenergy crops. The feedstock undergoes pretreatment and
saccharification in the same reactor. In the Bideal scenario,^
hyperthermophilic enzymes are produced in bioenergy crops and
pretreatment, saccharification, and fermentation are performed in a
single reactor. There is no additional requirement for exogenous
hydrolases
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success. The high expression level in this study was attributed
to several cis-elements, specifically the cauliflower mosaic
virus 35S promoter, the tobacco mosaic virus Ω translational
enhancer, the polyadenylation signal sequence, and the
apoplast target sequence [37]. Other studies have obtained
moderate levels of recombinant protein by using seed-
specific promoters to drive expression in the endosperm.
Acidothermus cellulolyticus endoglucanases were accumulat-
ed to over 16 % seed TSP in maize seed [29]. These levels of
expression have also been shown to be stable over generations
[34]. Despite these successes, in order for the expression of
enzymes in planta to be effective, significantly higher expres-
sion levels are required or the enzymes must be produced
more universally throughout the plant to increase per plant
enzyme production.
Strategies to Increase Expression Level of Glycolytic
Enzymes in Plants
With growing interest in the area of in planta heterologous
protein expression, strategies and technologies to enhance ex-
pression levels have become more prevalent. Regulation of in
planta hydrolytic enzyme expression involves transcriptional,
post-transcriptional, translational, and post-translational pro-
cessing modification steps [25], and each of these provides an
opportunity for improving in planta expression.
Perhaps, the most direct target for modification is the DNA
sequence of the hydrolytic enzyme to be overexpressed. All
current hydrolytic proteins proposed for lignocellulosic etha-
nol production are from microorganisms, which have distinc-
tive codon usage compared to that of plants. Codon usage bias
has been shown to affect protein expression in non-origin
hosts, with codon optimization of genes for the host species
resulting in improved expression levels [47]. For example,
when the Bacillus thuringiensis delta endotoxin gene was co-
don optimized for expression in tobacco and tomato, in planta
recombinant protein production level was increased by 100-
fold [48]. Synthetic genes, codon optimized for their target
species, have been used for the in planta expression of glyco-
syl hydrolases to achieve high expression levels [29, 49].
Although there is no direct comparison in literature between
in planta expression of codon-optimized versus non codon-
optimized hydrolytic enzymes, evidence from previous stud-
ies support the use of codon optimized genes for improved
expression level of hydrolytic enzymes in planta [48, 50].
During the last decade, numerous cis-elements have been
evaluated for their ability to enhance expression levels of
transgenes [51]. One of the most essential cis-elements is the
promoter chosen for gene expression. For the purpose of this
paper, we characterize promoters into the following three cat-
egories: constitutive, tissue-specific, and inducible [52]. Each
category of promoter has been used to drive glycosyl hydro-
lases expression, which is reviewed by Taylor et al. [25].
The cauliflower mosaic virus 35S promoter is the most
studied constitutive promoter in dicot plants and has been
widely used to express hydrolytic enzymes [31, 37, 53].
Expression levels of up to 26% TSP inArabidopsis have been
achieved with this promoter. The synthetic Mac promoter is
another commonly used constitutive promoter for hydrolytic
protein production in various plant species including tobacco,
potato, rice, sugarcane, and alfalfa [54–56]. Expression levels
comparable to that of 35S have been achieved.
Tissue-specific promoters have also been used for in planta
glycosyl hydrolase expression. The maize globulin-1 promot-
er and the rice glutel in promoters, targeting the
seed/endosperm, have been used to drive expression of hydro-
lytic enzymes in corn kernels and rice grain [29, 35, 49, 57].
Tissue-specific levels of Acidothermus cellulolyticus
endoglucanase up to 16 % TSP have been achieved in maize
using these promoters [29]. The green tissue specific promoter
from the rubisco small subunit (rbcS) has also been success-
fully used for expression of cellulases [30, 58] with TSP levels
of 5.2 % in tobacco. Tissue-specific heterologous enzyme
expression has certain conveniences for plant processing, in-
cluding stability and convenience of harvest. Hydrolase activ-
ity in corn kernels and rice grains has been shown to be stable
during post-harvest storage [49, 57]. Hydrolytic enzymes can
be harvested simultaneously with biomass substrate if they are
expressed in leaf tissue providing some benefits for cellulosic
ethanol production.
Inducible promoters are activated by specific inducers in-
cluding environmental signals and applied chemicals. They
provide additional benefits for in planta glycosyl hydrolase
expression, including reduced deleterious effects on the plant
hosts and controlled timing of expression. By taking advan-
tage of the knowledge produced in the past two decades, ex-
pression of glycosyl hydrolases in planta could be targeted to
specific plant organs and controlled in terms of timing by
utilizing specific promoters and targeting sequences available
for recombinant protein expression in plants. So far, there is
no systematic comparison among the ability of different types
of promoters for overexpression of recombinant proteins in
plants. While there is variability, some studies have shown
that tissue specific promoters drive higher expression than
constitutive promoters in potato [30], and the CaMV 35S pro-
moter leads more to protein production than the ethanol in-
ducible promoter in tobacco [59].
In addition to promoters, other cis-elements including un-
translated leaders (UTLs) are essential for recombinant protein
expression in planta, as they contribute to stability of the
transcript and efficiency of translation initiation [60]. 5′ un-
translated leader sequences are presumed to bind to 40S ribo-
somal subunits, which migrate and recognize the start codon
for translation [61]. A synthetic 5′ UTL from alfalfa mosaic
virus (AMV) has been evaluated and confirmed to boost ex-
pression levels of recombinant proteins in plants [62, 63]. The
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AMV 5′ UTL has been used to improve expression of
endoglucanase in both potato and tobacco [54, 64].
An alternative approach that has also resulted in high ex-
pression levels of recombinant proteins in planta is plastid
transformation [65]. Plastid transformation takes advantage
of the large number of multi-genome plastids in a plant cell
[66, 67]. After integration of the desired genes into the plastid
genome, genes of interest will replicate during plastid replica-
tion and cell division, resulting in the desired gene being high-
ly transcribed and the desired protein produced at a high level.
Integration of glycosyl hydrolase genes from Thermotoga
maritima into the chloroplast genome of tobacco resulted in
expression levels up to 9 % TSP [68].
The utilization of DNA regulatory elements and advanced
plant transformation technology has provided proof of con-
cept for high level glycosyl hydrolase expression in plants.
These results inform future work into the area of high level
cellulase expression in biofuel feedstocks.
Strategies to Prevent Harmful Effects of Glycosyl
Hydrolase Expression on Plant Hosts
Cellulose and surrounding hemicellulose are essential compo-
nents of the plant cell wall. These structural polysaccharides, the
source of carbohydrates for biofuels production, are essential for
normal plant growth and development; it is key that when ex-
pressing the hydrolytic enzymes responsible for their breakdown
that normal plant development is not adversely effected. There
are a number of examples in which transgenic plants overex-
pressing hydrolases show reduced growth and abnormal physi-
ological phenotypes including stunted growth and reduced fer-
tility [59, 69, 70]. Specific examples include transgenic tobacco
expressingmesophilic glycosyl hydrolases having shorter stems,
delayed flowering, and decreased cellulose levels [59] and ther-
mostable cellulolytic enzyme expression in the chloroplast ren-
dering severe pigment deficiency to tobacco plants resulting in
insufficient photosynthesis and slow growth [69]. To avoid these
detrimental effects, several strategies have been used for in
planta hydrolytic enzyme production.
Temporal separation of enzyme production and plant
growth can prevent the negative effects of hydrolases on
plants [71]. The use of inducible expression systems allows
for regulation of expression such that proteins are only pro-
duced in the presence of a chemical or environmental signal.
Ideal inducible systems result in high expression after specific
induction and have no expression prior to induction. In addi-
tion, inducing chemicals should be environmentally benign,
and economical both in terms of production and application.
Based on the above criteria, suitable inducers for large scale in
planta hydrolase production may include ethanol [59, 72],
post-harvest heat inducible platforms [73], or developmental
signals including senescence [74, 75]. These inducible
expression systems would avoid problems associated with
the cellulolytic activities toward the plant cell wall.
Organelle targeting is an alternative approach that allows
high enzyme expression with low plant growth penalty.
Subcellular organelle targeting is accomplished by applying
specific target peptides attached to the proteins’ C- or N-ter-
minus. Studies show that targeting enzymes to subcellular
organelles including the apoplast, endoplasmic reticulum,
and vacuole resulted in increased accumulation and stability
of glycosyl hydrolases [29, 31, 54] without a reduction in
growth or altered development [31, 56]. For example, apoplast
targeted Acidothermus cellulolyticus endoglucanase resulted
in protein accumulating to 100-fold more than non-targeted
cytosolic expression [31]. Similarly, targeting Trichoderma
reesei cellobiohydrolase I (CBH I) to the cell wall in maize
kernels resulted in accumulation to more than 16 % TSP [29].
Besides achieving hyperexpression of recombinant hydrolytic
proteins, subcellular organelle targeting also prevents interfer-
ence from heterologous proteins.
An additional technology that allows for high level expres-
sion of cellulolytic enzymes in plants without detriment to
growth and development is the use of enzymes from thermo-
philic sources. Thermophilic cell wall-degrading enzymes with
optimal temperatures over 50 °C can be expressed in plants
without disrupting cell wall integrity because they tend to per-
form poorly in normal plant growth conditions [76]. Hydrolases
from thermophilic microorganisms such as Acidothermus
cellulolyticus and Thermomonospora fusca, which are able to
hydrolyze cellulose at high temperatures (81 and 75 °C respec-
tively), have been expressed in various plant species with no
harmful effects [37, 56, 77–79], while still having the desired
effect of improving the ease of breakdown of plant material after
harvest. Moreover, thermophilic enzymes are activated during
post-harvest processing providing more advantages and applica-
tions in cellulosic ethanol production including simplifying pro-
cessing and reducing exogenous enzyme loading [38].
Although high enzyme expression has been achieved in
Arabidopsis and tobacco, their poor feasibility for biofuel pro-
duction excludes them from being plant hosts for cell wall-
degrading enzymes in the context of the ideal scenario
(Fig. 1). Lignocellulosic feedstocks are more suitable as hosts
for hydrolytic enzyme production as they cannot only be the
source of the hydrolytic enzymes but also serve as the source
of the cellulosic biomass to be reduced to fermentable sugars.
During ethanol production, enzymes expressed in the ligno-
cellulosic biomass can reduce, or even obviate, the addition of
expensive glycosyl hydrolases. Currently, however, most of
the research on high-level hydrolytic enzyme expression fo-
cuses on the Arabidopsis and tobacco rather than lignocellu-
losic biomass. Without applying the strategies discussed
above to lignocellulosic feedstocks, in planta glycosyl hydro-
lases production will be less likely to improve the cost-
efficiency of ethanol production.
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Expression of Glycosyl Hydrolases in Lignocellulosic
Feedstock
Feedstocks with established genetic modification technology
such as maize, rice, sugarcane, and poplar have been success-
fully transformed to express cell wall-degrading enzymes [55,
77, 79, 80]. Several examples of expression of cell wall-
degrading enzymes in lignocellulosic biomass feedstock are
provided in Table 1. Although these examples would provide
appropriate biomass and enzymes for the advanced scenario
(Fig. 1), achieving levels necessary for the ideal scenario will
require additional advances.
Lignocellulosic Feedstocks Are an Ideal Source
for Recombinant Hydrolytic Enzyme Production
There is significant evidence that lignocellulosic crops, as
a biofactory for glycosyl hydrolase production, could
produce enough enzymes to replace microbial-produced
enzymes, even with only moderate expression levels
(TSP). This is due to the availability of large amounts of
lignocellulosic biomass. For instance, 428 million tons
dry matter of agricultural residue are produced every year
[88]. This could afford 85,600 tons of enzyme to be pro-
duced from the agricultural residue at the moderate ex-
pression level of 1 % TSP. Toward this goal, plant pro-
duced enzymes have proven effective in hydrolyzing plant
biomass. For example, plant produced recombinant glyco-
syl hydrolases can hydrolyze natural cellulosic biomass
such as corn stover and rice straw [69, 78]. Furthermore,
several studies have shown that protein extracted from
glycosyl hydrolase expressing transgenic plants can sup-
plement exogenous enzymes during enzymatic hydrolysis
[56, 77, 78]. Cellobiohydrolases expressed in corn were
shown to enhance the performance of commercial cellu-
lases in the degradation of pretreated sugarcane bagasse
Table 1 Summary of cellulosic biomass feedstock expressing glycosyl hydrolases
Biomass feedstock Cell wall-degrading enzymes Source organism Promoter Subcellular target Expression level Reference
Rice straw Endoglucanase (E1) Acidothermus
cellulolyticus
CaMV 35S Apoplast 4.9 % leaf TSP [77]
Endoglucanase (E1) Acidothermus
cellulolyticus





CaMV 35S Cytoplasm NM [81, 82]









CaMV 35S Apoplast 1.13 % leaf TSP [78]
Sugarcane Cellobiohydrolase
CBHI





Trichoderma sp. Maize PepC ER, vacuole,
chloroplast
Endoglucanase (E1) Maize PepC ER, vacuole,
chloroplast
Poplar Xylanase Trichoderma reesi CaMV 35S Apoplast 14.4 % leaf TSP [80]
Glucuronoyl esterase Phanerochaete
carnosa
CaMV 35S Cell wall NM [84]






Mac Cytosol 0.01 % leaf TSP [53]




Xylanase Trichoderma reesei LmSee1 Apoplast 200–400 U/mg
fresh leaf
[86]
Ferulic acid esterase Aspergillus niger Rice actin
promoter
Apoplast vacuole NM [75]
Xylanase Trichoderma reesei LmSee1 Apoplast
Purple false brome
(Brachypodium distachyon)
Acetylesterases Aspergillus nidulans CaMV 35S Apoplast NM [87]
Abbreviations: CaMV 35S cauliflower mosaic virus 35S RNA promoter, Lmsee1 Lolium multiflorum senescence promoter, Maize PepC maize phos-
phoenolpyruvate carboxylase promoter, ER endoplasmic reticulum, TSP total soluble protein, NM not measured
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[83]. In this same study, tap water was used as a solvent
to recover recombinant cellulases from senescent leaf tis-
sue at a rate of 90 %.
Even though there are no commercial plant-derived glyco-
syl hydrolases at the current time, plant expressed cellulolytic
enzymes hold considerable potential to reduce the cost of
enzymes during saccharification and contribute to affordable
lignocellulosic ethanol [25, ]. Currently, commercial cellu-
lases from Novozymes are reported to contribute to ethanol
price at $0.5/gal [20]. Onsite cellulase production has been
investigated to replace commercial cellulases and is predicted
to reduce the cost of enzyme to $0.34/gal [89]. The goal price
for enzymes is $0.1/gal [23].
Production of cellulolytic enzymes in lignocellulosic feed-
stock could further reduce the cost of enzymes. The cost of
producing, extracting, and recovering rice-derived
endoglucanases is currently estimated to be $9.64/kg
enzymes ($0.64/gal) under the condition that 5 % TSP of
endoglucanases is produced from rice straw [77]. Although
this estimated cost is still far higher than the target price ($0.1/
gal), the situation could be improved by increasing expression
of enzymes in planta and decreasing cost of enzyme extrac-
tion and recovery. The price could reduce in half ($0.32/gal)
merely by doubling the expression level of enzymes to 10 %
TSP. More importantly, when plants expressing glycosyl hy-
drolases serve as a feedstock for ethanol production, the en-
zymes produced in planta will be of tremendous additional
value, by removing the cost of exogenous commercial en-
zymes for ethanol production.
Glycosyl Hydrolase Expressing Plants Can Have More
Easily Digested Cell Walls
Benefits of expressing glycosyl hydrolases in lignocellu-
losic biomass are not limited to just that of enzyme pro-
duction. Importantly, expression of hydrolytic enzymes
can result in modified plant cell wall composition,
resulting in improved biomass degradation [74, 75, 84,
90]. For example, one study reported that in tall fescue
expressing fungal ferulic acid esterase and xylanase, cell
wall components changed in a way that the amount of
esterified cell wall ferulate monomers and dimers, arabi-
nose and xylose, were reduced. The altered cell wall com-
position resulted in the release of more fermentable sugars
after enzymatic hydrolysis [75]. Several studies on maize,
tall fescue, and alfalfa expressing cellulolytic enzymes re-
ported that transgenic plants have higher glucan conver-
sion than non-transgenic plants after thermochemical pre-
treatment and enzymatic digestion [74, 75, 85, 90, 91].
These results indicate that expressing cell wall-degrading
enzymes in biomass crops can have positive effects on
saccharification efficiency, which allows for more ethanol
production.
Utilizing Feedstocks Expressing Glycosyl Hydrolases
Reduces Required Severity of Pretreatment
Expressing glycosyl hydrolases in lignocellulosic biomass can
also result in transgenic plants requiring less severe pretreat-
ment to remove lignin and render the cellulose accessible to
hydrolysis [90, 91]. For example, stover from corn plants ex-
pressing an endocellulase required pretreatment at only
140 °C to result in a saccharification efficiency comparable
to that of wild-type material pretreated at 170 °C [90].
Currently, pretreatment utilizes high temperature and/or harsh
acidic or alkaline chemicals to breakdown the cell wall struc-
ture and remove lignin or hemicellulose. Utilization of more
mild pretreatments would reduce the cost of pretreatment,
which contributes more than 20 % of the cost of lignocellu-
losic ethanol production [92]. As a result, expressing cellulo-
lytic enzymes in the lignocellulosic biomass would have a
profound impact on the ethanol production from lignocellu-
losic feedstock not just in supplying the hydrolytic enzymes
but also in reducing the cost and severity of required
pretreatments.
Previous work on in planta expression of cell wall-
degrading enzymes has revealed two major potential benefits
for cellulosic ethanol production. First, transgenic plants can
be used as a molecular biofactory for production of cellulases/
hemicellulases for hydrolyzing lignocellulosic material.
Second, when cell wall-degrading enzymes are expressed in
the cellulosic feedstock, a reduced amount of hydrolytic en-
zymes and less severe pretreatments are required during the
cellulosic bioethanol production. Utilizing transgenic cellulos-
ic crops expressing cellulolytic enzymes as biofuels feedstock
could lower energy and enzyme usage and costs.
The Future of Hydrolytic Enzyme Expression
in Feedstocks
Despite success achieving moderately high expression levels
of hydrolytic enzymes in multiple biomass feedstocks, with
improved saccharification results in some of these crops, there
is still much to be done in order to make autohydrolyzing
lignocellulosic crops a reality. In order to generate real change,
there are five hurdles that need to be addressed.
Identification of Glycosyl Hydrolases Adapted
to Pretreatment Conditions
Pretreatment is a key step that serves to alter the structure of
lignocellulosic biomass and provide access to the cellulose for
hydrolysis. Current pretreatment technologies apply one or
more of heat, acid, alkaline, or organic solvent to disrupt bio-
mass recalcitrance [93]. Glycosyl hydrolases that can retain
their activity and function in these conditions are essential to
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the process if pretreatment and saccharification are to be car-
ried out simultaneously. However, few glycosyl hydrolases
have been identified that are compatible with the conditions
of pretreatment.
A number of different conditions are combined in pre-
treatment of lignocellulosic material. High temperature can
be used together with acid or alkaline in a variety of for-
mats including hot water pretreatment, dilute acid pretreat-
ment, and ammonia recycle percolation pretreatment.
Temperatures above 120 °C are required during all of these
pretreatment technologies [94]. However, most identified
hyperthermophilic glycosyl hydrolases are functional only
up to a maximum of approximately 100 °C [95]. The pH of
current acid or alkaline pretreatments is inconsistent with
the optimal pH of most glycosyl hydrolases. For instance,
dilute acid pretreatment requires a pH below 2 and lime
pretreatment is above pH 12 [96, 97]. This is well beyond
the pH range of most well-characterized cellulases and
hemicellulases which, in the instances of Trichoderma
reesei and Aspergillus niger, span pH 3.5 to 5.0 [95, 98].
Although some glycosyl hydrolases have been discovered
that are tolerant to acidic or alkaline condition [99, 100],
the utility of these enzymes for lignocellulosic ethanol pro-
duction has not been assessed.
Organosolv pretreatment requires less severe temperatures
and can be conducted below 100 °C [101]. The organic
chemicals used during the pretreatment, including ethylene
and glycerol, have negative impacts on glycosyl hydrolase
activity [102]. Recently, some organic solvent resistant glyco-
syl hydrolases were discovered and characterized [100, 103].
Their potential during ethanol production is yet to be
determined.
Ionic liquid (IL) pretreatment is perhaps the most promising
option for combining with saccharification, due to the low tem-
perature requirement and moderate pH range (4.8–6.5) [104,
105]. Hydrophilic ILs, such as 1-butyl-3-methylimidazolium
chloride and 1-allyl-3-methylimidazolium chloride, are applied
to dissolve cellulose. ILs have been tested in combination with
cellulases, with one study showing that cellulases retain 30 %
activity in the presence of 10 % (v/v) 1,3-dimethylimidazolium
dimethylphosphate [105]. Several glycosyl hydrolases have
been discovered to be tolerant to IL treatments [106, 107].
These enzymes are good candidates for in planta expression,
and transgenic plants could be processed with IL pretreatment
for ethanol production.
In order to take advantage of plant produced enzymes, the
identification of additional extremophile glycosyl hydrolases
is needed, and the full characterization of existing enzymes is
required. One option is discovery of native enzymes in
extremophiles, but perhaps a more realistic approach will be
the engineering of existing enzymes to improve function and
stability in the various extreme conditions of pretreatment
[108].
Cross Species Differences in Phenotypic Effects of Gene
Expression
Most studies expressing recombinant glycosyl hydrolases
have been performed on plants that are not potential lignocel-
lulosic biomass feedstocks, such as Arabidopsis and tobacco
[30–32, 37]. It is worth noting that there are significant differ-
ences between cell wall structure and composition of potential
biofuels feedstocks, let alone differences from model plants.
Arabidopsis is distinctive fromwoody plants in terms of phys-
iology and genetics [109, 110] and has a significantly lower
proportion of secondary cell wall than woody plants [111].
Additionally, the cell wall composition is divergent between
species, whether model species or potential feedstocks [112].
For instance, xyloglucan is the major hemicellulose
in Arabidopsis, whereas glucuronoarabinoxylan and
glucuronoxylan are predominant in grass and hardwood trees,
respectively [9]. It is likely that glycosyl hydrolase expression
in different plant species will result in crop-specific effects on
plant processing during ethanol production. For example, ex-
pression of fungal glucuronyl esterase in Arabidopsis and
poplar had different effects on cell wall composition.
Transgenic poplar trees had higher lignin and lower carbohy-
drate contents than non-transgenic trees [84]. However, when
expressing the same heterologous glucuronyl esterase in
Arabidopsis, reduced carbohydrates but similar lignin con-
tents were observed in transgenic lines compared to wild types
[113]. Although this difference may be the result of subcellu-
lar targeting, the expression of the same gene in different
plants has often resulted in different phenotypic effects [90].
When it comes to sugar release after saccharification without
pretreatment, the transgenic poplar trees produced significant-
ly less carbohydrates relative to controls, whereas the trans-
genic Arabidopsis released slightly higher amounts of sugars
compared to non-transgenic plants [84, 113].
These studies illustrate the effect of differences in cell wall
composition and sugar yield between transgenic plant species
expressing the same hydrolytic enzyme. Without expressing
hydrolytic enzymes in the lignocellulosic biomass of interest,
it is not possible to directly translate the results from other
species and to determine how hydrolytic enzyme expression
in feedstocks will affect efficiency of ethanol production.
Taking Feedstocks Through to Field Trials
To date, there are no reports of field trials of transgenic ligno-
cellulosic feedstocks expressing glycosyl hydrolases. All pub-
lished work on glycosyl hydrolase expression has been carried
out under controlled conditions in tissue culture or greenhouse
experiments. Field evaluation is essential for confirmation of
positive and negative traits of glycosyl hydrolase-expressing
transgenic feedstocks [114]. These lines must be assessed in
the field to confirm both the maintenance of the desired trait
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and whether the plants are capable of enduring biotic and
abiotic stresses. This is particularly important as the plant cell
wall is closely associated with plant defense [115, 116]. Genes
involving lignin biosynthesis have been found to play impor-
tant roles in plant defense [117, 118]. In Arabidopsis, mem-
bers of the cinnamyl alcohol dehydrogenases (CAD) gene
family, one of the key genes in lignin biosynthesis, were in-
duced by pathogen attack. Moreover, cad mutant lines
displayed decreased resistance to pathogens [118]. In addition
to differences in pathogen resistance, plants with modified cell
walls can also have altered abiotic stress resistance.
Arabidopsis cinnamoyl-CoA reductase 1 (CCR1) mutants
with reduced lignin content were more sensitive to UV dam-
age [119]. These studies indicate that modifications that alter
plant cell wall composition or structure could cause changes in
plant stress resistance.
Previous results involving altered expression of lignin bio-
synthesis genes have revealed differences between
greenhouse-grown and field-grown transgenic biomass feed-
stocks with modified cell wall structure. Baucher et al. [120]
demonstrated that antisense cinnamyl alcohol dehydrogenase
(CAD) alfalfa lines had lower reduction of CAD activity in the
field than in the greenhouse. As a result, field-grown trans-
genic alfalfa did not display the same level of increased di-
gestibility observed in greenhouse-grown transgenic plants.
Besides differences in desired traits between greenhouse-
and field-grown transgenic plants, plant growth and surviv-
ability can vary between plants grown in these two environ-
ments. CCR down-regulated poplar had reduced growth com-
pared to wild type in field studies despite a normal phenotype
in greenhouse conditions [121]. Switchgrass overexpressing
PvMYB4 had significantly reduced lignin content and grew
well in greenhouse studies [122], but these same transgenic
lines did not survive in field experiments [123]. The evidence
implies that phenotype may vary between greenhouse and
field experiments for plants with modified cell walls.
It is impossible to accurately assess the financial impacts of
hydrolytic enzymes produced in planta on ethanol production
without field trials. As there is variability between greenhouse
and field conditions, it is key to identify lines with improved
characteristics under field conditions, which may be diffe-
rent from the lines with improved characteristics in the
greenhouse.
Scalable Technologies
A fourth challenge for the success of expression of hydrolytic
enzymes in feedstock involves the use of scalable industrial
processing technologies. Although there are a number of stud-
ies in which glycosyl hydrolases are expressed in lignocellu-
losic biomass feedstock, few studies have explored processing
of biomass in a scalable manner to the final product of ethanol.
Some studies report the processing of the transgenic biomass
to the point of sugar conversion or ethanol production [84, 90,
91, 113], but there is limited data to assess the effectiveness of
glycosyl hydrolase expression on the cost of lignocellulosic
ethanol. In order to move forward in a timely fashion, there
needs to be a systematic approach to compare utilization of
transgenic lignocellulosic biomass with non-transgenic bio-
mass for ethanol production from the point of plant cultivation
to the final carbohydrate fermentation to ethanol. A lack of
research on direct processing of whole transgenic feedstock
limits our knowledge of the final outcome of utilizing the
glycosyl hydrolase expressing plants for ethanol production.
In vitro digestibility is enhanced in glycosyl hydrolase ex-
pressing feedstock to release more sugar compared to wild
type [75, 85]. However, few studies have reported processing
transgenic feedstock using scalable technologies for pretreat-
ment and saccharification, let alone measuring ethanol yield
resultant from fermentation. Exceptions include Brunecky
et al. [90] who demonstrated that transgenic maize expressing
the Acidothermus cellulolyticus endoglucanase (E1) release
more sugars than control plants after 1 % sulfuric acid pre-
treatment and hydrolysis using commercial cellulases and
Zhang et al. [91] who assessed the effect of hydrolytic enzyme
expression on ethanol production after pretreatment and a si-
multaneous saccharification and fermentation (SSF) process.
When it comes to industrial production, it is essential to
conduct robust investment analyses of ethanol production
from transgenic feedstocks to access the market competitive-
ness of ethanol produced from this biomass. There is still a
significant gap between current technologies and affordable
cellulosic ethanol [20], and each facet, including plant main-
tenance and harvest, pretreatment, enzymatic saccharification,
and fermentation, needs to be tailored for transgenic feedstock
to gain the highest efficiency. These required steps are inter-
related, and the processing of biomass through to ethanol pro-
duction using scalable technologies is required in order to
accurately assess the success of a transgenic line.
The Need for Enhanced Specialized Expression Systems
The final challenge lies in the drive for expression of cellu-
lases in lignocellulosic feedstocks themselves. Achievable ex-
pression levels of recombinant cell wall hydrolases have been
improved dramatically through subcellular targeting, synthet-
ic promoters, and other strategies as summarized above.
Despite these gains, most studies still report expression levels
below 8 % TSP in lignocellulosic biomass feedstocks
(Table 1). It is hypothesized that recombinant cellulases hy-
drolyze cellulose completely at the standard condition of 15
filter paper unit (FPU) cellulases/g cellulose [124]. High ex-
pression levels of glycosyl hydrolases in lignocellulosic bio-
mass are required to achieve full auto-hydrolysis in standard
conditions.
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Using poplar as an example, under the assumption that
soluble proteins in poplar are about 90 mg/g dry weight
[125] and cellulose in wood is 450 mg/g dry weight [44], it
is anticipated that levels of more than 14 % TSP cellulase will
be required to be produced in and recovered from poplar leaf
to completely hydrolyze host plant cellulose (Table 2).
Using published levels of cellulose and soluble proteins,
we calculated required in planta expression levels of cellu-
lases in poplar, rice straw, and switchgrass (Table 3) to achieve
complete autohydrolysis under standard conditions (15 FPU
cellulase/g cellulose). Here, we assume an enzyme recovery
rate of 85 %, based on published recovery rates of functional
xylanase from tobacco leaf [131]. At these levels, a minimum
of 13 % TSP expression level is required for in planta cellu-
lases to degrade plant host cellulose (Table 3, rice straw).
Although these numbers are generalized for all cellulases as
opposed to each class required for complete biomass break-
down, the implication remains the same: in order to produce
enough enzymes in planta, expression levels need to be in-
creased significantly. Optimizing in planta recombinant pro-
tein expression in lignocellulosic biomass feedstock to
achieve higher expression level is both a challenge and oppor-
tunity for lignocellulosic ethanol production.
The use of viral expression systems is a promising technol-
ogy for hyperexpression of heterologous proteins in planta
[132]. There are a variety of plant viruses that have been
modified to act as vectors for recombinant protein expression
in plants including both DNA [133] and RNA viruses [134].
The last two decades have witnessed significant improve-
ments in plant virus expression vectors to overcome barriers
such as instability in plant hosts and limited size of inserted
gene sequence, which have been reviewed in literature with
much detail [135–138]. Plant virus expression vectors inherit
the replication mechanisms of the original virus [136, 139].
Genes of interest are replicated in the plant cells and produce
high levels of proteins of interest such as biopharmaceutical
proteins, when they are integrated into plant virus vectors and
transferred into plant cells [139]. To date, most plant virus
expression vectors have been used only in transient expression
of foreign proteins [140, 141].
Recently, a new in planta recombinant protein expression
platform has emerged, In Plant ACTivation (INPACT), which
combines ethanol induction and a deconstructed geminivirus
vector. INPACT is confirmed to highly express heterologous
proteins after ethanol induction, achieving higher expression
levels than traditional overexpression constructs using the
constitutive CaMV 35S promoter [142]. INPACT incorpo-
rates plant virus vector expression and inducible expression;
the former trait contributes to hyperexpression and the latter
separates plant growth and desired protein production to avoid
adverse effects of heterologous proteins on plants. Because of
these two characteristics, INPACT provides a promising ap-
proach for in planta glycosyl hydrolase expression. In addi-
tion, INPACT technology is not host limited [142]. For this
reason, we anticipate that systems such as INPACTwill allow
a variety of lignocellulosic biomass feedstocks to be utilized
for high level enzyme expression as in the ideal scenario
(Fig. 1). This type of high-level, inducible system and other
potential high level expression systems including chloroplast
expression and systems taking advantage of new technologies
will be paramount in the use of lignocellulosic feedstocks as
biofactories for the production of cellulolytic enzymes for
their own breakdown.
While the expression of single enzymes in lignocellulosic
feedstocks is underway, the accumulation of multiple glycosyl
hydrolases in a single species will present an additional chal-
lenge. As more than one cellulase is required to hydrolyze
cellulose to glucose, producing multiple glycosyl hydrolases
Table 2 Cellulase expression
level required in poplar to achieve
complete autohydrolysis
Cellulose content 0.45 g cellulose / 1 g dry weight biomass
Cellulase required for cellulose degradation 0.45 g cellulose × 15FPU / 1 g cellulose = 6.75FPU
(13 mg cellulase)
TSP content 90 mg
Expression level of cellulase for complete
autohydrolysis
13 mg cellulases / 90 mg TSP × 100 % = 14.4%TSP
of cellulases
1FPU translates to 1.93 mg cellulase [126]
Table 3 Level of in planta
cellulase expression required in
poplar leaf, rice straw and
switchgrass to completely
hydrolyze host plant cellulose,
assuming an 85 % recovery rate
Poplar leaf Rice straw Switchgrass
Cellulose content 45 % d.w. [44] 39 % d.w. [127] 30 % d.w. [128]
Soluble proteins content 9 % d.w. [125] 5–10 % d.w. [129] 7 % d.w. [130]
In planta cellulases expression level 17 % TSP 12.9–25.8 % TSP 14.5 % TSP
Soluble protein content in rice straw depends on the age of rice leaves during senescence [129]
Abbreviations: d.w. dry weight, TSP total soluble protein
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in one plant would enhance the capability of in planta enzyme
production and improve saccharification efficiency of utiliz-
ing transgenic plants for ethanol production. The expression
of multiple glycosyl hydrolases could be achieved either by
transferring multiple vectors containing individual transgenes
into plant cell or by utilizing one vector containing multiple
transgenes. There are few examples of expressing multiple
cell wall-degrading enzymes in single plants [75, 143]. In
these studies, two functional glycosyl hydrolases are success-
fully produced. Based on this work, it appears possible and
beneficial to shift from producing single enzymes to multiple
in a plant. More research is necessary to generate transgenic
plants expressing multiple glycosyl hydrolases and to assess
the functionality of these plants for the levels of enzyme pro-
duction required for ethanol production, as well as to assess
any potential challenges that may arise from the production of
multiple glycosyl hydrolases in one plant.
Conclusion
Ethanol production from lignocellulosic feedstocks has
attracted global attention due to increasing demand for sus-
tainable fuel sources and huge ethanol yield potential from
lignocellulosic biomass. Economically, competitive lignocel-
lulosic ethanol production is limited by biomass production
and subsequent biomass conversion to fermentable sugars; the
cost of glycosyl hydrolases is one of the cost barriers for use of
lignocellulosic biomass. Although the cost of microbial-
derived hydrolytic enzymes is decreasing, the expression of
hydrolytic enzymes in planta remains a promising alternative
that continues to garner increased attention. Moreover, ligno-
cellulosic feedstocks are ideal plant hosts for glycosyl hydro-
lase expression because of large availability of biomass and
the potential for a dual role as both biomass substrate and
enzyme provider. Previous research has shown that plants
producing glycosyl hydrolases, either as a biofactory alone
with the enzymes recovered for use, or as the transgenic bio-
mass substrate to be converted to ethanol, could hold promise
to reduce the cost of lignocellulosic ethanol production. More
research is required to evaluate and improve the efficiency of
using glycosyl hydrolase expressing transgenic feedstock for
ethanol production, particularly taking the plant material right
through processing to ethanol production and investigating
the feasibility of transgenic feedstocks in the field. In addition,
boosting expression levels of hydrolytic enzymes in feed-
stocks is an unavoidable requisite for utilizing transgenic feed-
stocks for the production of economically competitive ligno-
cellulosic ethanol. Although several hurdles need to be over-
come, glycosyl hydrolase production in lignocellulosic feed-
stock holds the capability to play a key role in meeting global
renewable energy goals.
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